To meet the demand for higher data rates and energy efficiency in medical implants, a real-time compression codec for biosignals was developed. The designed Adaptive Vector-Quantization Codec was successfully evaluated in a hardware implementation with ECG and EMG signals. The proposed method is shown to open perspectives for new high data rate applications in actual and future developments.
Introduction
With the development of intelligent medical implants like fully implantable multi-channel measurement systems for intuitive control of hand prostheses by invasively recorded EMG-signals [5] , the demand for higher data rates in an energy efficient real-time environment has increased.
On the other hand, communication-standards like MICS or ZigBee, regulate parameters such as the effective radiated power (ERP) and bandwidth of the application and thus affect the achievable data rate for stable transmissions [2] .
An effective way to achieve higher data rates, while maintaining conformity with the underlying standards, is the use of real-time compression techniques. Furthermore compression can be viewed as a way to increase energy efficiency in wireless communication in terms of reduction of transmission-power over time.
The term real-time describes a feature that allows a system to process incoming data in a way, that the flow of information remains continuous and without any loss of data [7] . This is achieved by reducing the data processing time to a value less than the time that it requires to acquire the same amount of data, so both data acquisition and processing can be run in parallel. Also the overall latency has to be reduced to a minimum [3] and has to be constant for closed loop human computer interface systems.
Methods
The common measure to describe the degree of information loss is the die Percentage Root-Mean-Square Difference ‫)ܦܴܲ(‬ of a signal ‫ݔ‬ , ݊ ∈ ܰ with the lossy reconstruction ‫ݔ‬ ෝ , ݊ ∈ ܰ .
Even though the diagnosability of a reconstructed biosignal highly depends on the subjective rating of the diagnosing physician [1] , ‫ܦܴܲ‬ was used in this paper to sustain the compatibility to other approaches.
In the following hardware implementation of the proposed approach, the Texas Instruments MSP430 Microcontroller was used to process the recorded data.
The proposed real-time codec was evaluated with both an Einthoven lead I ECG (in the frequency range of 0.2-200 Hz) and EMG signals (20-500 Hz) acquired from the M. abductor pollicis brevis of a test-subject with surface electrodes.
Both recordings were made with a neurophysiological measurement station and a digital-to-analog convertercard. The amplified and filtered signal was converted back into analog voltage and fed into the analog-todigital-converter, implemented into the MSP430 microcontroller, as an input. Instead of a RF-transceiver, the processed data was transmitted to a PC via RS232 and USB for later analysis.
The overall power consumption ܲ ௧௧ of the system consists of the transmission power ܲ ் , reduced by the compression rate ‫ܴܥ‬ and the power that is consumed by the compression itself, ܲ ௦௦ .
In this estimation, current consumptions of commercially available RF-transceivers were used.
For an evaluation of the use in systems with MICSconformity, Zarlinks transceiver ZL70101was considered. ZigBee transceivers are represented by MG2455-F48 from RadioPulse. Table 1 shows the transceivers energy characteristics. 3.
Results

Vector Quantization
The main idea of Vector Quantization is to substitute a sequence of acquired data with the index of the closest match within a codebook, which is used by both coder and decoder [6] .
Therefore as a first step, a codebook with the best possible correlation to the signal has to be created. During the process of encoding, a nearest-neighbor-search between the codebooks entries and the recorded sequence is used to find the index of the closest match. This index is then transmitted to the receiver.
A special feature of this approach is the possibility to change the compression rate by varying the vector length that is used. Also the compressed data can be sent in constant bit rates, allowing real-time transmission.
The proposed realization of a Vector Quantizer Codec takes into consideration that the data to create a codebook is not available at the beginning of an acquisition, but is streamed into the system bit by bit.
Nearest-Neighbor-Search
The search for the codebook vector ‫ܥ‬ nearest to the acquired set of values ܺ, has to be efficient in terms of computation speed to be suitable for real-time processing. Therefore, the Manhattan Metric (L 1 ) has been chosen as a measure of distance between the elements ‫ݔ‬ ∈ ܺ and ܿ , ∈ ‫ܥ‬ as a tradeoff between computational simplicity and accuracy [4] .
Thereby the Distance ‫ܧ‬ is given by
The codebook is initialized with parallel straight lines with slopes of one as entries ‫ܥ‬ in the codebook, at the beginning of the recording. These initial vectors are distributed across the analog-to-digital converter's field of resolution in regular intervals. Because of this regular distribution, in the beginning, the codec acts like a linear quantizer, reducing the analog-to-digital converter's resolution down to the logarithm of the number of vectors used in the codebook to the base 2. Since a whole sequence is substituted by an entry, also the temporal resolution is reduced. The overall effect of an untrained codebook is shown in Figure 1 .
Image 1 Vector Quantization without training function
Adaption
In the key step of the algorithm, the codebook undergoes a training which fits the initial codebook to the signal. Herein the arithmetic means between the nearest neighbor in the codebook ൫ܿ ଵ, , … , ܿ , ൯ ∈ ‫ܥ‬ and the recorded sequence ሺ‫ݔ‬ ଵ , … , ‫ݔ‬ ሻ ∈ ܺ is calculated for each pair of elements and stored in a second, improved codebook as the new entry ‫ܥ‬ consisting of the elements ܿ , as equation 4 illustrates.
Eq. 4
Because of the simplicity of this training, it was possible to implement this step into the process of encoding and sampling so that the system as a whole is capable of realtime operability. The overall encoding process is visualized in image 2 as a flowchart. Here, the most inner loop is used to calculate the actual Manhattan distance of a vector and ܺ. In this calculation, ‫݈݊݁ݒ‬ is the length of the vectors. This is repeated with ݇ recursions, where ݇ is the number of vectors in the codebook. After each recursion, the resulting distance ݀1 is compared to the shortest distance ݀2. If ݀1 is shorter than ݀2, the value of ݀1 replaces ݀2 and the actual index ‫ݔ݀݅‬ is updated with the value of ݇.
After completing the search for the best ‫,ݔ݀݅‬ the means of the closest codebook vector and ܺ is calculated and stored at the index ‫ݔ݀݅‬ in the updated codebook.
After transmission of the index, everything the decoder has to do is to substitute the received ‫ݔ݀݅‬ with the corresponding codebook vector.
Evaluation
The designed Adaptive Vector Quantization Codec was evaluated with biosignals in a setup, with both compression and decompression implemented in the same MSP430 microcontroller and were performed in parallel to the process of sampling.
The processed signal was sent to a PC together with the corresponding original sequence. This was repeated with vector lengths of 1, 2, 4, 8, 16 and 32 Elements. With the help of the resulting signals, a function of the information loss in dependency to the compression rate ܴܲ‫ܦ‬ሺ‫ܴܥ‬ሻ was calculated for both ECG and EMG signals as shown in Image 3. Here, certain effects of fatigue in the testsubjects muscle can be seen to distort the measurement, witch underlines the effect of changes in the waveform on the compression.
Image 3 ܴܲ‫ܦ‬ሺ‫ܴܥ‬ሻ of the proposed codec for ECG and EMG signals and varying vector lengths
The following graphic shows the reconstructed signals in comparison to the original at a vector length of 1 with a codebook consisting of 64 vectors.
Image 4 Reconstruction vs. original ECG signal
Image 5 Reconstruction vs. original EMG signal
The shown configuration resulted in a ‫ܦܴܲ‬ of 1,14 % for ECG and ‫ܦܴܲ‬ of 1,15 % for EMG at a compression of 50%.
The code size of the implemented codec is 4154 Bytes.
With the use of the MSP430s internal clock at 8 MHz, the encoding process for a sequence of 32 elements was reduced to 15.44 ms. At a sampling rate of 1 kHz, this time meets the requirements for real-time operability.
After verifying the functionality of the proposed codec, run time-and current consumption-tests were performed, to estimate the degree of power optimization.
In a first experiment, the current, consumed while sampling with ‫ܫ(‬ ௌା ) and without compression ‫ܫ(‬ ௌ ) was measured. In the setup, the MSP430 went into low power mode whenever there were no operations to perform. In multiplication with the used supply voltage ܸ ெௌସଷ , the power, spent on compression ܲ becomes Finally the degree of optimization is given by
For the different configurations of the codec, the degree of energy optimization can be estimated as follows: As an alternative to the use for energy optimization, the proposed codec can also be used to extend the sampling rate of the recording. Thus the use of real-time compression allows higher sampling-rates, higher resolutions and more recording channels, respectively.
As Table 3 shows, by this application of the proposed codec, several system configurations can be realized without violation of MICS in terms of transmission power and bandwidth. In previous testing without compression, it was possible to achieve data rates up to 260
in a stable transmission. By the use of the proposed codec with vector lengths of 4 elements, an 8 channel signalacquisition with a sampling rate of 10 ksps and a resolution of 24 Bit can be realized with arguable ‫ܦܴܲ‬ values (<10%).
Without the use of compression, the same configuration could only be used to record on one channel. 
Conclusion
In the presented project an Adaptive Vector Quantization Codec was designed, implemented, and evaluated in a hardware environment.
Compared to other approaches, the presented codec shows relatively low need for computational resources, while achieving very good ratio of compression to information loss. The approach was shown to fulfill both the purpose of reducing the transmission power and extending the data rate in modern intelligent medical implants, thus opening perspectives for new high data rate developments in this area.
Compression time and current measurements show the possibility to reduce the power consumption of a Stateof-the-Art MICS transceiver by more than 25 %, taking into account the power needed for the compression. Moreover, with the use of the proposed codec, signal acquisition could be expanded from one channel up to eight, in a 24 Bit resolution and a sampling rate of 10 ‫,ݏݏ݇‬ in a MICS application.
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